The objective of this study was to determine the prevalence, species and subtypes of Cryptosporidium infecting yaks in the Qinghai Province of Northwestern China. The prevalence of Cryptosporidium spp. was detected by microscopy and nested-PCR. A total of 586 fecal samples were collected from yaks in 6 counties, of which 142 (24.2%) samples tested positive for Cryptosporidium. The small subunit (SSU) rRNA gene of fifty-five samples were amplified and sequenced successfully and demonstrated that Cryptosporidium bovis (31/55, 56.4%) was the most common species, followed by C. parvum (16/55, 29.1%) and C. ryanae (5/55, 9.0%). Mixed infections of C. parvum and C. bovis (n = 2), C. ryanae and C. bovis (n = 1) were also detected. All three species were found in yaks ranging in age from ,1 year, 1-2 years, to .2 years. Cryptosporidium was most commonly detected in spring (28.4%), followed by summer (20.9%), then winter (17.5%). Cryptosporidium parvum positive samples were subtyped using the 60 kDa glycoprotein (gp60) gene. Subtypes IIaA15G2R1 (n = 8), IIaA16G2R1 (n = 2), IIaA14G1R1 (n = 1), IIaA14G2R1 (n = 1) and IIaA16G3R1 (n = 1) were detected. All of these subtypes are zoonotic, and may pose a potential threat to human health.
Introduction
Cryptosporidiosis is a parasitic zoonosis which can cause sustained, serious and often life-threatening disease in immunosuppressed patients and animals [1] . Cryptosporidium spp. has been found to infect mammals, birds, reptiles, amphibians and fish [2] . Cryptosporidium infection occurs via many diverse transmission routes, such as direct contact with infected animals or ingestion of contaminated food and water [3] . Currently, nitazoxanide (NTZ) is approved for the treatment of cryptosporidiosis in children and immunocompetent adults in the United States, however, treatment failures have been reported and NTZ is ineffective for the treatment of immunocompromised individuals [4] . Halofuginone lactate (HL) is registered in several countries for the prevention of calf cryptosporidiosis, but the anti-Cryptosporidium activity and clinical benefit of HL are limited in the presence of other enteropathogens [5] .
Most investigations have demonstrated that Cryptosporidium parvum, C. bovis, C. ryanae and C. andersoni are the major species in cattle [6] , and the distribution of these species in cattle is agerelated. Cryptosporidium parvum is mainly found in pre-weaned calves [7] , C. bovis and C. ryanae in post-weaned calves [8] , and C. andersoni is reported to primarily infect adult calves [9] . Other species such as C. felis [10] , C. scrofarum [11] , Cryptosporidium suis-like genotype [12] , C. suis [12] , C. hominis [13, 14] , C. ubiquitum [15] and C. meleagridis [16] were also described in cattle.
Yaks (Bos grunniens) reside at a higher altitude than any other member of the bovid family (2,500 to 6,000 m), and live in the Himalayan region (Nepalese Himalayas, Indian Kashmir, Mongolia, and the Qinghai-Tibetan plateau of China).The total global population of yaks is about 14 million, of which approximately 13 million (93%) domestic yaks live in China, and about 5 million yaks reside in the Qinghai Province in particular [17] . Yaks live in extremely poor conditions with average temperatures of 24uC to 8uC year-round, low oxygen content, high altitude and no completely frost-free periods. The products (milk, meat, bones, and wool) from yaks are a necessity for pastoral people. Therefore, research into the pathogens of yaks is important for the people of these regions.
In China, most studies of the prevalence of Cryptosporidium spp. in yaks were based on microscopical and serological detection [18] [19] [20] , only two studies were published on Cryptosporidium species identification [21, 22] , but no studies with a large number of samples from yaks have been investigated, and no reports of subtype prevalence have been published. The aims of this study were to determine the prevalence and genotypes of Cryptosporidium spp. in yaks, and to investigate the regional differences, age-related and seasonal trends in Cryptosporidium infection of yaks in Qinghai Province, China.
Materials and Methods

Ethics Statement
This project was approved by the Shanghai Veterinary Research Institute Animal Ethics Committee. Before carrying out this work, we contacted the owners of all farms involved in the study and obtained their permission for collection of animal fecal samples. During specimen collection, all protocols used were consistent with the rules for Animal Care of the Chinese Academy of Agricultural Sciences.
Sample Collection
A total of 586 fecal specimens were collected from yaks between March 2008 and June 2012 in Dari (32u429N, 98u159E), Gangcha (37u199N, 100u89E), Gonghe (36u179N, 100u379E), Huangyuan (36u409N, 101u159E), Qilian (38u109N, 100u159E) and Zhiduo (33u519N, 95u369E ) Counties in Qinghai Province, Northwestern China. The average altitude, annual rainfall, and average annual temperature of the 6 counties ranges from 3,200 to 4,500 m, 350 to 560 mm and 20.6 to 3.5uC, respectively. About 50 g fresh samples were collected immediately from the floor after animal defecation or directly taken from the rectum of the animals using sterile gloves, then put into a disposable plastic bag marked with farm name, serial number, host age and collection date. Samples were placed in ice boxes and transported to the laboratory, then stored in refrigerators at 4uC and processed as soon as possible. Most samples were collected from three age groups (,1 yr., 1-2 yr. and .2 yr. old yaks). These yaks had not previously been examined for Cryptosporidium infection and no history of cryptosporidiosis or administration of anti-cryptosporidial drugs was recorded.
Microscopy Detection
The samples from Gonghe and Huangyuan were examined via microscopy, as previously described by Chen et al. [23] . Briefly, 5 g of feces was diluted in distilled water and filtered through a strainer into a centrifuge tube. The filter was centrifuged at 10006g for 5 min and the supernatant was discarded. The pellet was resuspended with 30 mL of Sheather's sucrose solution, and centrifuged at 4006g for 5 min. The supernatant was transferred to a microscopic slide by an iron loop and Cryptosporidium oocysts were detected with a light microscope under 4006magnification. Thirty-five positive samples from Gonghe and Huangyuan were selected randomly and preserved in 2.5% potassium dichromate and stored at 4uC.
DNA Extraction
All samples from Dari, Gangcha, Qilian, Zhiduo Counties, and 35 samples from Gonghe and Huangyuan Counties, were selected for genetic analysis. Genomic DNA was extracted from a 200 mL sample suspension by alkaline digestion and phenol-chloroform extraction [24] . The DNA was further purified using a QIAamp DNA Stool Mini kit (QIAGEN GmbH, Hilden, Germany) in accordance with the manufacturer's instructions, and stored at 220uC until further analysis.
PCR Amplification and Genotyping
Cryptosporidium species/genotypes were determined by nested PCR of the small subunit (SSU) rRNA gene and restriction fragment length polymorphism (RFLP) analysis, as described previously [25, 26] . The secondary PCR products were digested with the restriction enzymes Ssp I, Vsp I and Mbo II (Fermentas Life Sciences, Lithuania, Vilnius, Lithuania) [21] . The digestion products were visualized by electrophoresis on 2% agarose gel.
The species and genotypes were determined by comparing the banding patterns with published digest patterns [21] . The second amplification products were purified by AxyPrep DNA Gel Extraction Kit (Axygen Scientific, Hangzhou, China), then cloned into pMD 18-T Vector (TaKaRa Biotechnology, Dalian, China) and transformed into Escherichia coli DH5a. At least two positive clones from each sample were sequenced using ABI 37306l DNA Analyzer (Applied Biosystems, Foster City, USA). Reference sequences of Cryptosporidium spp. were obtained from GenBank, and phylogenetic analysis was performed with MEGA 5.0 software (http://www.megasoftware.net/) using Distance analysis.
Subtype Identification
A fragment of the 60 kDa glycoprotein (gp60) gene was amplified by nested PCR as previously described [27] . The second PCR products were purified using AxyPrep DNA Gel Extraction Kit, cloned into pMD 18-T Vector and sequenced as per the SSU rRNA gene. The Cryptosporidium subtypes were identified as previously described by Sulaiman et al. [28] .
Statistical Analysis
Statistical analysis of the prevalence of Cryptosporidium was carried out using IBM SPSS Statistics V21.0 for Windows (International Business Machines Corp, New York, USA). The differences between regions, ages and seasons were determined by Pearson's Chi-Square test (x 2 test) analysis, and considered significant when P,0.05.
Results
Prevalence of Cryptosporidium Infection in Qinghai Province
Cryptosporidium was found in 142 of the 586 (24.2%) samples collected from six counties of Qinghai Province, 87 were diagnosed by microscopical examination, 47 by molecular analysis and eight by both methods ( Table 1 ). The samples from Qilian, Gangcha, Dari and Zhiduo were diagnosed by PCR, and the samples from Gonghe and Huangyuan were diagnosed by microscopy. Cryptosporidium was detected in samples from all counties, with infection rates between 5.6% and 36.2%, with significant differences between different counties (x 2 = 47.1, P,0.001) ( Table 1) .
Prevalence of Cryptosporidium in Different Seasons
The prevalence of Cryptosporidium in different seasons was also investigated in the present study. The detection rate was highest in the spring (95/335, 28.4%), followed by summer (19/91, 20.9%) then winter (28/160, 17.5%), and varied significantly between seasons (x2 = 7.61, P,0.05) ( Table 2 ).
Prevalence of Cryptosporidium Species
All samples that tested positive at the SSU locus were analyzed by restriction digestion, then sequenced. NCBI BLAST homology searches (http://blast.ncbi.nlm.nih.gov) identified C. bovis in 31 (56.4%) samples, C. parvum in 16 (29.1%) samples, C. ryanae in 5 (9.0%) samples, and mixed infections of either C. parvum and C. bovis or C. ryanae and C. bovis in 3 (5.5%) samples (Table 1) .
Of the positive specimens, 22 sequences had 100% homology with the reference C. bovis sequence (GenBank accession No. AY741305), 15 with C. parvum (GenBank accession No. AF093493) and 4 with C. ryanae (GenBank accession No. EU410344). Other sequences shared 99% identity with the GenBank reference sequences, and all were submitted to the GenBank database under accession numbers KF128742 to KF128757. Phylogenetic analysis also supported the PCR-RFLP results and homology analysis.
Prevalence of Cryptosporidium Species in Different Host Age
The infection rates in yaks of different ages were studied. The highest prevalence of Cryptosporidium spp. was observed in yaks under the age of one year (24/88, 27.3%), followed by those between one and two years old (12/88, 13.6%), then those over two years of age (11/125, 8.8%), with significant differences between each age range (x 2 = 34.9, P,0.001). Cryptosporidium bovis, C. parvum and C. ryanae were found in all age groups, but C. bovis was the most prevalent species in animals under two years of age, and C. parvum was the most prevalent species in animals over two years of age (Table 3 ). The genotyped samples from Huangyuan and Gonghe Counties were selected randomly from those samples in which Cryptosporidium was detected by microscopy, and the ages of the corresponding yaks was unknown.
Prevalence of C. parvum Subtypes
Thirteen of the 18 C. parvum positives were successfully amplified at the gp60 locus and were sequenced and aligned with GenBank reference sequences. We found that all sequences belonged to the C. parvum IIa subtype family. Altogether, five C. parvum IIa subtypes were found, IIaA15G2R1, IIaA16G2R1, IIaA14G1R1, IIaA14G2R1 and IIaA16G3R1, which were seen in 8, 2, 1, 1 and 1 animals, respectively. The unique sequences we acquired have been deposited in GenBank database under accession numbers KF128737 to KF128741.
Discussion
The rate of Cryptosporidium spp. infection in the yaks we studied was 24.2% (142/586), which is higher than the 10.4% infection rate reported by Zhou et al. [19] , and lower than others ranging from 33.6% [20] to 39.7% [18] in Qinghai Province. Cryptosporidium was detected in samples from all six tested counties, and the prevalence varied significantly between the counties (P,0.001). [20] , in agreement with a previous report that serological tests have a higher prevalence rate than microscopic or PCR-based diagnosis [29] . The infection rates of 36.2% (85/235) found in Huangyuan was higher than that found in a previous study which utilized microscopic diagnoses and found an infection rate of 30.6% (26/85) [30] . This difference may be attributed to the different age of yaks in the population studied. The previous study sampled from only animals under the age of one year, but in our study the ages of animals were unknown in Huangyuan County. Given the similar climate of counties within the Qinghai Province, the inter-county variation in infection rates observed could be attributed to the age of the yaks sampled, the sampling season, feeding levels, pasture environment and the density of animals.
Most previous reports employed microscopical and serological diagnostic methods, and the species of Cryptosporidium circulating in yaks was not reported. In contrast we compared the genotypes of Cryptosporidium present in different regions, yak age groups and seasons. Fifty-five of the 142 samples that tested positive for Cryptosporidium were amplified and sequenced successfully, and three Cryptosporidium species were detected. Cryptosporidium bovis was the most common species (31/55, 56.4%), followed by C. parvum (16/55, 29.1%) and C. ryanae (5/55, 9.0%). Mixed infection of C. parvum and C. bovis (2/55, 3.6%), C. ryanae and C. bovis (1/55, 1.8%) were also identified, and C. andersoni was not detected in this survey. To our knowledge, this is the first identification of C. parvum and C. ryanae in yaks. Cryptosporidium bovis was previously found in an eight year old yak [21] , and another study found a new Cryptosporidium genotype in a wild yak [22] . We found C. bovis to be the most prevalent species in the majority of counties (Dari, Gangcha, Huangyuan and Qilian), but in Gonghe and Zhiduo, C. bovis and C. parvum were equally prevalent. Most previous reports in pre-weaned calves found that C. parvum was the most common species [12, [31] [32] [33] , but in recent years C. bovis has been found to be the most prevalent species in pre-weaned calves in China [16, 34] , Nigeria [35] , Japan [36, 37] , Sweden [38] and France [39] . We also found C. bovis to be most prevalent in yaks.
Similar to most studies of dairy calves [7, 34, 36, 40, 41] , we found that C. ryanae was the least frequently detected species in yaks, in contrast to other studies of water buffaloes and beef calves in Egypt and Vietnam which reported that C. ryanae was most prevalent [42, 43] . Moreover, a recent survey reported that C. ryanae was the only Cryptosporidium species identified in zebu cattle and water buffaloes in Nepal [44] .
Previous surveys of adult calves found that C. andersoni was the predominant species in many countries including Japan, the United States and Canada [9, 45, 46] , and this was also the case in China, according to three studies in Heilongjiang, Henan and Shaanxi Provinces [47] [48] [49] . In contrast we did not detect C. andersoni in yaks in this study. Cryptosporidium andersoni was also not found in adult calves in New Zealand, Denmark, the United States and Sweden [11, 21, 50, 51] .
In this study, we collected 285 samples from Huangyuan and Gonghe Counties in 2008, and Cryptosporidium was detected in 95 samples by microscopical examination. Thirty-five of these samples were selected randomly and preserved in 2.5% potassium dichromate, but only eight samples were amplified successfully by SSU rRNA gene in 2012. The low amplification success rate in this study can probably be attributed to the unsuitable preservation of samples. Further studies are therefore under way to collect larger numbers of fresh samples from yaks in these areas to genetically characterize Cryptosporidium spp. in Huangyuan and Gonghe.
The infection rate of Cryptosporidium spp. in yaks varied with age, consistent with previous surveys in dairy cattle which revealed that the prevalence of Cryptosporidium fell with increasing age [7, 15, 34, 35] . We investigated the relationship between age and Cryptosporidium species infecting 47 of the 142 samples, and found that the species obtained in this study existed in all age groups. Cryptosporidium bovis was the most common species in yaks under two years of age, while C. parvum dominated in yaks over two years of age. A similar result has been observed in calves [11, 50, 52] . Previous studies reported that the prevalence of four common species (C. parvum, C. bovis, C. ryanae, and C. andersoni) in cattle varied with age. Eighty-five percent of pre-weaned calves were infected with C. parvum, 55% of post weaned calves were infected with C. bovis and 31% with C. ryanae, and 65% of heifers and mature cows were infected with C. andersoni in the United States [7] [8] [9] . However we did not observe such a trend in yaks, in agreement with the report in dairy cattle that C. bovis and C. ryanae are the major species found in pre-and post-weaned calves in the United States and China by Feng et al. [21] .
Several studies have reported that seasonal shift could influence the Cryptosporidium infection levels in dairy cattle [34, 41, 53] . We found that the prevalence of Cryptosporidium spp. in yaks peaked in the spring (28.4%), declining in the summer (22.0%), and descended to the lowest levels in the winter (17.5%). This is in accordance with the report that Cryptosporidium infection of dairy calves peaks in spring [50] , but is contrary to Szonyi et al. [41] and Wang et al. [34] who found that summer was the dominant infection season in the United States and China, while Hamnes et al. [53] found the highest prevalence in winter in Norway. The reasons for the seasonal variation in infection rates in yaks may be explained as follows: In spring in Qinghai Province, new grass has not yet grown, and yaks are fasted over the long winter. As a result these animals are generally malnourished and susceptible to infection [54] . At the same time, the weather in spring is beginning to warm and is more suitable for pathogen transmission, therefore spring has the highest incidence of disease over the year [54] . In the summer, food sources are plentiful and yak nutrition improves and with it their resistance to infection. In winter, the temperature can decline to 220uC, preventing oocyst survival [55] . The saying that yaks are ''alive in summer, strong in autumn, thin in winter, and tired in spring'' [54] may be an accurate description of the seasonal variation in yak susceptibility to diseases. Unfortunately, we did not study the prevalence of Cryptosporidium in the autumn, so cannot comment on this season. We detected C. bovis infection in all studied seasons, in contrast to previous reports that C. bovis prevalence in pre-weaned calves peaked in autumn in China and in summer in the United States [34, 41] . All 18 C. parvum positive specimens were subtyped by the GP60 gene, and 13 were amplified and sequenced successfully. Five subtypes (IIaA15G2R1 (n = 8), IIaA16G2R1 (n = 2), IIaA14G1R1 (n = 1), IIaA14G2R1 (n = 1) and IIaA16G3R1 (n = 1)) were found. This is the first report on the subtype distribution of C. parvum in yaks. The zoonotic subtype IIa has been found worldwide. Within the IIa subtype, IIaA15G2R1 was the most common subtype in calves which has been reported in many developed countries in North America [32, 56] and Europe [12, 15, 31, 40, [57] [58] [59] [60] . In contrast genetic characterization of C. parvum subtypes in dairy calves differed in China, where IIdA19G1 was the only subtype which had been identified previously [16, 34] . We found that IIaA15G2R1 was the predominant subtype in yaks, as has previously been reported for calves in other Asian countries [37, 61, 62] . Other subtypes, IIaA16G2R1, IIaA14G1R1, IIaA14G2R1 and IIaA16G3R1, had been detected in previous studies of dairy calves. For example, IIaA16G2R1, IIaA14G2R1 and IIaA16G3R1 were found in the Netherlands [58] , IIaA16G2R1 and IIaA16G3R1 in Canada, Spain and France [15, 56, 60] , IIaA14G2R1 and IIaA16G3R1 in England [40] and IIaA16G2R1 and IIaA14G2R1 in Belgium [12] . However, subtype IIaA14G1R1 was mainly found in humans [57, 63, 64] , and only one study has detected this subtype in calves (in Sweden [33] ). All five subtypes identified in yaks in this study have been found in humans [64] , suggesting that yaks may be involved in zoonotic transmission of Cryptosporidium.
In summary, we found that Cryptosporidium spp. was widespread in the yaks populating the Northwest of China. The overall infection rate was 24.2% for the Qinghai Province, and ranged from 8.0% to 36.2% in individual counties. Three species, C. bovis, C. parvum and C. ryanae, were found in every age group, and 56.4% of positive specimens contained C. bovis. To our knowledge, this is the first identification of C. parvum and C. ryanae in yaks. This is the first report on the subtype characteristics of C. parvum in yaks. We found that IIaA15G2R1 is the dominant subtype of C. parvum in yaks, which may pose a potential threat to human health.
